Intensively grazed pastures generate nitrate-nitrogen (NO 3 -N) contaminated groundwater creating grave environmental concern. Computer models simulate and forecast appropriate agricultural practices to reduce environmental impact. Model validation is an essential process in evaluation and field application of computer simulation models. The objectives of this study were to assess and compare robustness and performance of three models-LEACHM (Leaching Estimation and Chemistry Model), NCSWAP (Nitrogen and Carbon Cycling in Soil, Water, And Plant), and SOIL-SOILN-for simulating drainage flux and NO 3 -N leaching in an intense pasture system without recalibration. A 3-yr study was conducted on a Hagerstown silt loam to measure drainage and NO 3 -N fluxes below 1 m depth from N-fertilized orchardgrass (Dactylis glomerata L.) using intact core lysimeters. Five N-fertilizer treatments were replicated five times in a randomized complete block experimental design. The models were validated under orchardgrass using soil, water, and N transformation rate parameters and C pools fractionation derived from a previous study conducted on similar soils under corn (Zea mays L.). The model efficiency (MEF) of drainage and NO 3 -N fluxes were 0.53, 0.69 for LEACHM; 0.75, 0.39 for NCSWAP; and 0.94, 0.91 for SOIL-SOILN. The models failed to produce reasonable simulations of drainage and NO 3 -N fluxes in January, February, and March due to limited water movement associated with frozen soil and snow accumulation and melt. The differences between simulated and measured NO 3 -N leaching and among models' performances may also be related to soil N and C transformation processes embedded in the models. Generally, the results demonstrate the potential of these three models to reasonably simulate annual and monthly drainage and NO 3 -N fluxes under the pasture system without recalibration. and Cameron, 2002; Decau et al., 2004; Sorensen and Rubek, 2012) . For example, Haynes and Williams (1993) and Jarvis et al. (1995) reported that 70-90% of ingested N reappears in grazed pasture in the form of urine. Recently, Di and Cameron (2007) demonstrated that NO 3 -N leaching losses increased from 22.8 to 254.9 kg NO 3 -N ha -1 when urine deposition rates were applied at 0 to 1000 kg N ha -1 using undisturbed monolith lysimeters.
Modern agricultural practices are informed by computer models designed to increase understanding of the growing process, simulate various growing conditions, and optimize aspects of the growing process beyond laboratory research and field. This proactive strategy yields data for informed decision-making regarding agricultural practices and environmental protection. However, proper use, precise calibration, and field validation of computer models are needed to ensure better quality output and more effective decision making (Pennell et al., 1990; de Willigen, 1991; Jabro et al., 1998 Jabro et al., , 2006 Jabro et al., , 2011 . A cogent review of research on water quality models supports increased attention to field performance evaluation (Khakural and Robert, 1993; Lewan, 1994; Vellinga et al., 2001; Jabro et al., 1998 Jabro et al., , 2001 Jabro et al., , 2006 Jabro et al., , 2011 Larocque et al., 2002) .
Computer simulation models can be adapted and adjusted to understand, analyze, and optimize systems where traditional experimental tools fail ( Jabro et al., , 2011) . Previous literature published on validation and performance of computer models for their ability to simulate drainage water and NO 3 -N leaching losses through soil under grazed pasture systems reaped little insight. Accordingly, the objectives of this study were to assess and compare the overall performance and robustness of LEACHM (Hutson, 2003) ; NCSWAP (Molina and Richards, 1984) ; and SOIL-SOILN ( Johnsson et al., 1987 ) models for simulating drainage and NO 3 -N fluxes in intense pasture system without recalibration. These models do not require significant time to process data prompts, are user friendly, and will continue to diffuse through the agricultural and environmental community. The LEACHM, NCSWAP, and SOIL-SOILN models were validated under a grazed orchardgrass pasture system using soil, water, N rate constants, and C fractionation parameters derived through calibration processes of these three models on Hagerstown silt loam soils under a continuous corn system.
MATERIALS AND METHODS

Leaching Study Site Description
The leaching study was initiated in fall 1992 at the Pennsylvania State University Dairy Research Center located near State College, PA (40 o 48¢ N lat, 77 o 52¢ W long, 350 m elevation). The predominant soil on this site is a Hagerstown silt loam (fine, mixed, semiactive, mesic, Typic Hapludalf ) that is deep, welldrained, and formed in limestone residuum parent material. The B horizon is silt clay to clay textured with well-developed blocky structure (Stout et al., 2000) . Soil physical and hydraulic properties for a Hagerstown soil are listed in Table 1 .
The experiment was conducted to measure NO 3 -N leaching fluxes from N-fertilized orchardgrass pasture system using intact soil core lysimeters (Moyer et al., 1996; Jabro et al., 1997) .
Twenty-five intact soil core lysimeters were installed in the fall of 1992. Lysimeters were constructed with 0.6-m in diameter by 1-m tall steel well casing cylinders with a wall thickness of 7.9 mm. Each cylinder was driven into the soil and removed with an intact soil core inside. Further details regarding description, design, construction, and installation of intact soil lysimeters are given in Moyer et al. (1996) , Jabro et al. (1997 Jabro et al. ( , 2001 , and Stout (2003) .
Five treatments were administered and each treatment was replicated five times in a randomized complete block experimental design: (i) a control, (ii) a urine application in the spring (Urine-Spring), (iii) a urine application in the summer (Urine-Summer), (iv) a urine application in the fall (UrineFall), and (v) a feces application in the summer (Feces-Summer). Urine or feces were applied using animal deposition criteria to a fertilized orchardgrass pasture system. Two lysimeters did not produce any leachate during the study and were eliminated: one under urine application in the spring and one under urine application in the summer. Precipitation amounts were 779, 910, and 839 mm for -94 (May-March), 1994 -95 (April-March), and 1995 , respectively, ( Jabro et al., 1998) . Jabro et al. (1997 Jabro et al. ( , 2001 ) provide detail of dates and N rates from urine and feces applications, lysimeters, urine and feces collection, and experimental design. The weather data used as input in the simulations were collected at a weather station established at the site.
Models Descriptions
Brief descriptions and processes of the LEACHM (revised version, 2003) , NCSWAP (version 46), and SOIL-SOILN (version 9.1) models are presented in Table 2 . Detailed descriptions of models, equations, estimation of the parameters, organic N pools, initial and boundary conditions for the LEACHM, NC-SWAP, and SOIL-SOILN models are given in Molina and Richards (1984) , Johnsson et al. (1987) , Eckersten et al. (1996) , and Hutson (2003) . 
Inputs, Modeling, and Model Execution
The LEACHM, NCSWAP, and SOIL-SOILN models require a manageable number of parameters values, which include soil properties for each layer (hydrological constants for water retention curve, chemical contents, and soil physical and chemical properties), organic matter quality (C/N), C and N pools and fractionations, soil N transformation rate constants, environmental, hydrological, meteorological data, and management information for the simulation site for each year ( Jabro et al., 2006) . Initial values of water content or soil water potential, initial C and N contents, soil surface boundary conditions were also used as inputs for each of these models. Detailed description of parameterization and inputs used in the models are given in Molina and Richards (1984) , Johnsson et al. (1987) , Eckersten et al. (1996) , Hutson (2003) , Jabro et al. (2006 Jabro et al. ( , 2011 .
The three models were executed for 3 yr under each treatment. The simulation periods were as follow: May 1993 through March 1994 for 1993-94 and April of 1 yr through March of the following year for both 1994 -95 and 1995 -96 (Jabro et al., 2001 . The simulated drainage water and mass of NO 3 -N leached were compared with the mean of replicated percolated water and NO 3 -N leached data collected from the lysimeters for each year. Jabro et al. (1998 Jabro et al. ( , 2006 calibrated the three models using drainage water and nitrate leaching data for the control, N fertilized, and manure treatments under corn on Hagerstown soils. The calibrated N and C transformation rate constants and soil and water flow parameters were used to validate LEACHM, NCSWAP, and SOIL-SOILN models for 1993-94, 1994-95, and 1995-96 drainage water fluxes and nitrate losses from grazed orchardgrass pasture.
Performance and Comparison of the Models
Several statistical indices were used to assess the overall simulative capabilities of LEACHM, NCSWAP, and SOIL-SOILN models and compare their accuracy, performance, and efficiency (Smith et al., 1996) . The test of linearity and degrees of association and coincidence between measured and models simulated fluxes were determined using linear regression equations and correlation coefficients (r).
The root mean square error (RMSE, Eq.
[1]) is a percentage for the total difference between measured and model simulated values. It can be used directly to compare the error in the simulations of different models (Smith et al., 1996; Jabro et al., 2006) . The modeling efficiency (MEF, Eq. [2]) is a measure for assessing the accuracy of simulations (Smith et al., 1996; Jabro et al., 2006) . The mean difference (MD, Eq. [3] ) is a measure of the average difference between the measured and the simulated values for each year (Addiscott and Whitmore, 1987) . A small, nonsignificant MD statistically validates the accuracy of the model simulation. A t test was used to test the null hypothesis that MD = 0 (Addiscott and Whitmore, 1987; Smith et al., 1996; Jabro et al., 2006) . The absolute maximum error (AME, Eq. [5]) is a measure of the maximum error between any pair of measured and model simulated values. These statistical indices are defined as
where M is the measured value, and S is the corresponding model simulated value, n is the number of measurements, and M is the mean of the measured data defined as Uses a Campbell's equation to define the relationship between unsaturated conductivity and soil water content using soil-water retention data.
Nitrogen transformations are described in terms of fluxes between soil organic N pools (manure, litter, and humus) and inorganic pools (urea, NH 4 -N, and NO 3 -N).
The soil organic N pools are divided into a litter pool, a humus pool, and a manure pool. NCSWAP A simulation model of the soil-crop-water bio-system. Solves the Green-Ampt equation for infiltration and redistribution in one dimensional layered soil profile.
Simulates seasonal N and C cycles in the soil-waterplant system as affected by water flow, crop growth, N transformations, tillage and residue effects, temperature, and solute transport through three active soil organic matter pools: pool I is microbial biomass, with two components-labile and resistance; pool II, which is potentially mineralizble; and pool III, which is recalcitrant (Gollany et al., 2004) .
SOIL-SOILN A coupled simulation model for soil-plant-atmosphere system. Simulates water, heat, N dynamics and biomass production. Solves partial differential of Darcy's and Fourier's equations in one dimensional layered soil profile.
Soil hydraulic properties are described by the water retention characteristics curve in the form proposed by Brooks and Corey and the unsaturated hydraulic conductivity function based on Maulem's equation.
The SOIL model provides infiltration, surface runoff, vertical water flow, drainage, soil moisture, and temperature driving variables for the SOILN.
The SOILN model simulates N transformations as functions of soil water content and temperature, N leaching, and plant N uptake.
The soil organic N pools are divided into a litter pool, a humus pool, and a manure-derived feces pool. 
RESULTS AND DISCUSSION
Water Drainage Fluxes
The LEACHM, NCSWAP, and SOIL-SOILN annual simulations of drainage fluxes were compared with annual field measured values collected from the undisturbed soil core lysimeters below the 1 m depth under a grazed orchardgrass pasture system for 1993-94, 1994-95, and 1995-96 (Table 3 ). The models' annual drainage simulations fell within the variability range of annual measured drainage water indicating that the three models accurately simulate annual drainage fluxes below the 1 m depth under grazed pasture system in 3 yr.
The models' drainage simulations were also compared with the average of the 23 lysimeters of measured drainage for each month of 1993-94, 1994-95, and 1995-96 . The monthly variations between simulated and measured drainage fluxes for 1993-94 are shown in Fig. 1 . Small amounts of leaching or no leaching occurred in summer and fall months (May-October) when evapotranspiration water losses were minimal. No drainage or leaching occurred during winter months when the soil was frozen. Large drainage volumes were collected in March due to snow melt and soil thaw. The three models tended to overestimate measured drainage in some winter months (i.e., January and February, 2004) related to frozen soil or deep snowpack (Fig. 1) . When considered on a monthly basis, the three models were able to provide accurate simulations for most months in all 3 yr based on the 95% confidence interval (CI) criteria used in this study (measured ±2 standard errors). In 1993-94, LEACHM, NCSWAP, and SOIL-SOILN simulations fell within the 95% CI in 8, 9, and 10 of 11 months, respectively, (Fig. 1) . Similar drainage variations and comparisons were also observed in 1994-95 and 1995-96 results (Figures not shown) .
Further, the LEACHM, NCSWAP, and SOIL-SOILN monthly drainage water simulations for 1993-94, 1994-95, and 1995-96 were compared with the monthly average of the 23 soil core lysimeters of measured drainage below the 1-m depth using several statistical indices. The indices indicated that the SOIL-SOILN model performed well and more accurately represented drainage fluxes than both LEACHM and NCSWAP models ( Table 4 ). The RMSE, MEF, and AME values for SOIL-SOILN were 9.9, 0.94, and 19 mm, respectively, compared with 28, 0.53, and 105 mm; and 20.3, 0.75, and 43 mm for LEACHM and NCSWAP, respectively.
Regression equations (Table 4 ) between overall (3-yr combined data) monthly simulated drainage fluxes obtained from each of the three models and monthly drainage measured values from soil core lysimeters indicated that slopes of three regression equations were significantly different from zero (p < 0.01). The correlation coefficients (r) between overall monthly models' simulated and measured values of drainage water were also high and significant at p < 0.01 (Table 4) .
The mean difference (MD) values between overall monthly simulated and measured water drainage fluxes for LEACHM (MD = -0.38 mm, t = -0.08, p > 0.94), NCSWAP (MD = 3.48 mm, t = 1.01, p = 0.32), and SOIL-SOILN (MD = 1.68 mm, t = 1.00, p = 0.32) were not significantly different from zero for all three models (Table 4) . t = -0.08 T = 1.01 t = 1.00 p > 0.94 P > 0.32 p > 0.32 † r = correlation coefficient, a = intercept, b = slope, RMSE = root mean square error, MEF = modeling efficiency, AME = absolute maximum error, MD = mean difference. † † Theoretical values when simulated results are the same as the measured.
Generally, the statistical results suggest that any of these models (LEACHM, NCSWAP, and SOIL-SOILN) performed fairly well and have the potential to accurately simulate the amount of drainage fluxes through a soil profile to a 1-m depth under a grazed orchardgrass pasture system using calibrated soilwater parameters developed from a previous study conducted on similar soils under corn. Furthermore, these statistical indices also showed that small differences existed among the performances of these three models. The reason for these differences among the models' performances for simulating drainage water fluxes may be attributed to the water flow equations incorporated in the code of the models ( Jabro et al., 1998) . Other differences could also be due to differences in parameterization of physical properties of the soil, how initial soil water storages were defined in the model, and evapotranspiration concepts used in the model. Each of these three models uses different approaches, concepts, processes, and equations to compute water content distribution and water flow through the soil profile. For example, the SOIL-SOILN is based on numerical solutions to the partial differential equations of Darcy's and Fourier's equations for water flow and heat transport in a layered soil profile ( Table 2 ). The SOIL-SOILN model is based on the Brooks and Corey and the Mualems' equations for soil water retention and unsaturated hydraulic conductivity, respectively. However, the NCSWAP solves numerically the Green-Ampt equation for water infiltration and redistribution in one-dimensional layered soil profile ( Table 2 ). The LEACHM model solves Richards' equation and Campbell's equation for water flow and water content distribution (Table 2) in one-dimensional layered soil profile (1998).
Nitrate-Nitrogen Leaching Losses
The LEACHM, NCSWAP, and SOIL-SOILN annual simulations of NO 3 -N losses were compared with the mean of field measured values collected from a control, a Urine-Spring, a Urine-Summer, a Urine-Fall, and a Feces-Summer treatments using core lysimeters below the 1-m depth for 1993-94, 1994-95, and 1995-96 (Table 5) . Each measured mean value of NO 3 -N was calculated from four or five replications for each treatment.
The three models' annual simulated NO 3 -N leaching losses fell within the range of the measured values for all five treatments in all 3 yr (Table 5 ). These results demonstrated that the three models were able to provide reasonable simulations of annual NO 3 -N leaching losses below 1 m depth under the pasture system in all 3 yr using calibrated N and C transformation rate constant parameters from a previous study on similar soils under corn. The three models' NO 3 -N monthly simulations were also compared with the mean of the measured monthly values for each treatment in 1993-94, 1994-95, and 1995-96 using the 95% confidence interval criteria. The monthly variations between simulated and measured NO 3 -N losses for 1993-94 are shown in Fig. 2(a), (b) , (c), (d), and (e). The monthly trends of NO 3 -N losses in 1993-94 under each treatment were similar and corresponded to those of drainage fluxes. In 1993-94, LEACHM, NCSWAP, and SOIL-SOILN simulations of NO 3 -N leaching fell within the 95% confidence interval in 43, 45, and 47 of 55 mo using five treatments combined, respectively, ( Fig. 2(a), (b) , (c), (d), and (e)). The discrepancy between simulated and measured NO 3 -N losses in January, February, and March may also be related to limited water flow and movement due to frozen soil, snow accumulation in winter months, and snow thaw in March. Similar monthly trends in NO 3 -N leaching were also observed in 1994-95 and 1995-96 results (Figures not shown) .
The LEACHM, NCSWAP, and SOIL-SOILN monthly simulations of NO 3 -N leaching losses were also compared with the monthly mean of measured values for 1993-94, 1994-95, and 1995-96 yr combined using several statistical indices. The statistical indices (RMSE, MEF, and MD) were computed between the overall monthly measured and simulated NO 3 -N leached for all treatments and 3 yr. The RMSE values were 2.09, 2.8, and 1.0 g m -2 and MEF values were 0.69, 0.39, and 0.91 for LEACHM, NCSWAP, and SOIL-SOILN, respectively. The RMSE values were small and MEF values were somewhat large for all three models (Table 6) Three linear equations (Table 6) were generated from the regression analysis of 3 yr of monthly simulated NO 3 -N losses obtained from each of the three models and measured values (SAS Institute, 2003) . A high degree of association and coincidence between monthly models' simulated and measured NO 3 -N leaching values is indicated by a high correlation coefficient and a slope significantly different from zero (Table 6 ). The correlation coefficients between the overall monthly models' simulated and measured NO 3 -N losses were high and significant (Table 6) .
Generally, the statistical results showed that LEACHM, NCSWAP, and SOILN have the capability to simulate annual NO 3 -N leaching losses through a soil profile to a 1-m depth under grazed orchardgrass without recalibration. However, the indices (RMSE, MEF, and MD) indicated that differences existed among these models in terms of their performance, robustness, and ability to produce accurate simulations of NO 3 -N leach- ing losses. Both LEACHM and SOIL-SOILN performed better than NCSWAP based on simulated vs. measured NO 3 -N mass losses (Table 6 ) and statistical criteria used for the models' performance assessment (Table 6 ). Additionally, SOIL-SOILN performed somewhat better than LEACHM based on statistical methods used in this study (Table 6 ).
The reason for the differences among these models' simulations may, partly, be linked to the simulations of N and C transformation processes and fractionation embedded in the models. The three models use different equations and approaches that manage water movement, N and C fractionation pools, cycling, dynamic, and transformation in the soil-water-plant system ( Jabro et al., 2006 ( Jabro et al., , 2011 .
Despite the differences among the models' simulations, the overall results demonstrated that the models have the potential to simulate annual and monthly drainage and NO 3 -N leaching losses below 1-m depth under grazed orchardgrass in all 3 yr using calibrated parameters derived from a previous experiment under corn. If these three models are recalibrated, they would possibly produce more accurate results and smaller differences among these models' simulations and performances. Although more work is needed, our modeling approach and results may correspondingly represent an important step closer in the process of models' field validation. Further models' validations using data from various soils, crops, management, and weather conditions are needed to generate applications to field conditions.
CONCLUSIONS
This study sought to assess the robustness of LEACHM, NCSWAP, and SOIL-SOILN models for simulating drainage and NO 3 fluxes. The statistical results suggest that for most cases in the years studied, the models provide reasonable monthly and annual simulations of drainage fluxes and NO 3 -N losses from the soil profile collected below the 1 m depth under an orchardgrass pasture without recalibration. However, the models failed to produce accurate simulations of drainage, and NO 3 -N fluxes due to restricted water movement linked with snow accumulation, frozen soil, soil thaw, and snow melt during winter months. Both LEACHM and SOIL-SOILN performed better than NC-SWAP based on simulated vs. measured NO 3 -N leaching losses, and SOIL-SOILN performed somewhat better than LEACHM based on statistical indices used in this study. Small differences existed among the performances of these three models. A cogent review of the models' programs suggests the differences among these three models' performances may be related to the simulation of N and C transformation and pools embedded in the code of the models. Each of these models uses different equations that govern water flow, N and C fractionation pools, cycling, and transformations in the soil, water, and plant system.
The results of this study are a monumental progression in the validation of computer models, which will lead to continued diffusion across diverse stakeholders. The models were calibrated under corn under different conditions and validated under pasture without recalibration. The LEACHM, NCSWAP, and SOIL-SOILN's ability to predict drainage and NO 3 -N fluxes is robust. Future research is necessary to further test and validate these models under diverse soils, cropping systems, and weather conditions to continue to test for models' robustness. p > 0.32 p > 0.06 † r = correlation coefficient, a = intercept, b = slope, RMSE = root mean square error, MEF = modeling efficiency, AME = absolute maximum error, MD = mean difference. † † Theoretical values when simulated results are the same as the measured.
